Obese individuals exhibit brain alterations of resting-state functional connectivity (RSFC) integrity of resting-state networks (RSNs) related to food intake. Bariatric surgery is currently the most effective treatment for combating morbid obesity. How bariatric surgery influences neurocircuitry is mostly unknown. Functional connectivity density (FCD) mapping was employed to calculate local (lFCD)/global (gFCD) voxelwise connectivity metrics in 22 obese participants who underwent functional magnetic resonance imaging before and 1 month after sleeve gastrectomy (SG), and in 19 obese controls (Ctr) without surgery but tested twice (baseline and 1-month later). Two factor (group, time) repeated measures ANOVA was used to assess main and interaction effects in lFCD/gFCD; regions of interest were identified for subsequent seed to voxel connectivity analyses to assess resting-state functional connectivity and to examine association with weight loss. Bariatric surgery significantly decreased lFCD in VMPFC, posterior cingulate cortex (PCC)/precuneus, and dorsal anterior cingulate cortex (dACC)/dorsomedial prefrontal cortex (DMPFC) and decreased gFCD in VMPFC, right dorsolateral prefrontal cortex (DLPFC) and right insula (p FWE < .05). lFCD decreased in VMPFC and PCC/precuneus correlated with reduction in BMI after surgery. Seed to voxel connectivity analyses showed the VMPFC had stronger connectivity with left DLPFC and weaker connectivity with hippocampus/parahippocampus, and PCC/precuneus had stronger connectivity with right caudate and left DLPFC after surgery. Bariatric surgery significantly decreased FCD in regions involved in self-referential processing (VMPFC, DMPFC, dACC, and precuneus), and interoception (insula), and changes in VMPFC/precuneus were associated with reduction in BMI suggesting a role in improving control of eating behaviors following surgery.
| INTRODUCTION
Overeating is a major contributor to obesity. Growing evidence indicates impaired homeostatic regulation of food intake and altered food reward-related processes in obese subjects (Berthoud & Morrison, 2008; Zhang et al., 2014) . Bariatric surgery is an effective intervention that exerts immediate effects on homeostatic regulation (Diamantis et al., 2014; Gloy et al., 2013; Sjostrom et al., 2007) , but its contribution to the rewiring of obesity-related neural circuitry remains unknown.
Resting-state fMRI (RS-fMRI) has been employed to investigate alterations of resting-state functional connectivity (RSFC) integrity of resting-state networks (RSNs) related to food intake in obese subjects (Coveleskie et al., 2015; Garcia-Garcia et al., 2013; Kullmann et al., 2012; Kullmann et al., 2014; Moreno-Lopez, Contreras-Rodriguez, Soriano-Mas, Stamatakis, & Verdejo-Garcia, 2016; Wijngaarden et al., 2015) . Obese individuals showed increased RSFC between regions involved in metabolic sensing/interoception (hypothalamus, insula) and regions involved in reward processing (striatum, orbitofrontal cortex) (Coveleskie et al., 2015; Garcia-Garcia et al., 2013; Kullmann et al., 2014; Wijngaarden et al., 2015) and decreased RSFC in regions involved in interoceptive processing/cognitive control (Kullmann et al., 2012; Moreno-Lopez et al., 2016) . Those studies indicated abnormal communication between multiple brain regions/circuitry in obese patients during resting-state.
Bariatric surgery, such as laparoscopic sleeve gastrectomy (LSG) (Diamantis et al., 2014) can cause profound changes in gastrointestinal microbiota, appetite-regulating peptides, and neuroendocrine function (Diamantis et al., 2014; Sjostrom et al., 2007) . Molecular/functional brain imaging revealed changes in obese patients post-surgery including increased dopamine D2 receptor (Steele et al., 2010) and attenuated brain response to food cues in mesolimbic/mesostriatal reward circuits (Ochner et al., 2011 ). An association between lessened postoperative craving for high-caloric food and diminished activity within prefrontal region (dorsolateral prefrontal cortex-DLPFC) has also been observed 1 month post-surgery (Bruce et al., 2012; Ochner et al., 2012) . Particularly, RS-fMRI studies have also revealed a partial reversal of hypothalamic dysfunction and altered brain activity (insula) following body mass index (BMI) reduction (Van de Sande-Lee et al., 2011; Wiemerslage et al., 2017) . Bariatric surgery also decreased RSFC within the DMN comprising the anterior cingulate cortex (ACC), frontal superior gyrus, and orbitofrontal cortex (Frank et al., 2014) and RSFC between insula/left precuneus (Lepping et al., 2015) .
In general, obese individuals exhibited brain functional abnormalities implicated in reward/motivation, emotion/memory, homeostatic regulation of food intake, and executive function including inhibitory control of feeding behavior. However, it remains unclear how restingstate brain activity and RSFC change following LSG surgery. We assessed local/global functional connectivity tissue properties from RS-fMRI datasets using functional connectivity density (FCD) mapping (Tomasi & Volkow, 2010 , 2011a . FCD mapping is a powerful graph theory tool for exploring the topology of human brain function using magnetic resonance imaging (MRI) datasets collected at rest and also during task performance (Tomasi & Volkow, 2010) . Whereas local FCD (lFCD) quantifies the number of voxels in the local functional connectivity cluster (local degree), and global FCD (gFCD) quantifies the number of whole-brain connections to each voxel (Tomasi, Shokri-Kojori, & Volkow, 2016a) . Data-driven FCD reflects the amplitude of the BOLD signal fluctuations and quantifies hubness and energy demand of brain tissue (Tomasi & Volkow, 2011b; Tomasi, Wang, & Volkow, 2013) . FCD has high gray matter sensitivity/specificity and is the most resilient RSFC metrics (Tomasi et al., 2016b) . Unlike the popular hypothesis-driven seed-voxel correlation approach, FCD does not require regional hypotheses on seed locations and is ideal for exploratory studies. Prior studied have documented FCD disruption in autism (Tomasi & Volkow, 2017) attention deficit hyperactivity disorder (Tomasi & Volkow, 2012) , schizophrenia Tomasi & Volkow, 2014; Zhuo et al., 2014) , cocaine addiction (Konova, Moeller, Tomasi, & Goldstein, 2015) , nonepileptic seizures (Ding et al., 2014) , and other brain disorders and assessing efficacy of drug treatment in obesity .
Here, we studied FCD in 22 obese patients prior to and at 1 month after surgery, and in 19 obese control individuals. We predicted that LSG surgery would result in decreased FCD in regions, implicated in impaired self-control and self-referential processing (Northoff et al., 2006; Striepens et al., 2016) (VMPFC, DMPFC, precuneus) , memory (HIPP), and interoception (insula), increasing connectivity of self-referential processing regions with regions involved with executive function/self-regulation (DLPFC, caudate).
| MATERIALS AND METHODS

| Subjects
Thirty-five morbidly obese patients were recruited for laparoscopic sleeve gastrectomy at Xijing Gastrointestinal Hospital affiliated to the Fourth Military Medical University in Xi'an, China. Patients with psychiatric/neurological diseases, previous intestinal surgery, inflammatory intestinal disease, organ dysfunction or taking any current medication that could affect the central nervous system were excluded. Individuals who had a waist circumference (WC) > interior diameter of the scanner were excluded (Zhang et al., 2016 (Zhang et al., , 2018 .
Given these criteria, six candidates were disqualified. Twenty-nine remaining obese candidates (SG) completed the pre-sleeve gastrectomy MRI scan (Baseline, PreSG) and underwent surgery. The same MRI scans were performed 1 month post-sleeve gastrectomy (1 month later, PostSG). Seven obese subjects reported having significant weight loss after surgery via their local clinics. However, these subjects could not return for follow-up MRI assessment due to long distance travel. As a result, 22 patients (age range 18-42 years) remained in the SG group. Nineteen morbidly obese patients who did not receive LSG surgery were recruited as the control group (Ctr); they were age-, gender-, and education-matched with SG (p > .05, Table 1 
| Experimental design
All participants underwent 12-hr overnight fasting, and fasting blood samples were taken and MRI scans were performed between 9 and 10 am. A designated clinician (HW) rated severity of subjects' anxiety using Hamilton-Anxiety-Rating-Scale (Hamilton, 1959) and depression using Hamilton-Depression-Rating-Scale (Hamilton, 1960) . Subjects were required to complete the Yale-Food-Addiction-Scale (YFAS) evaluation (Gearhardt, Corbin, & Brownell, 2009) (Table 1) , which has been validated in a bariatric surgery population (Clark & Saules, 2013) .
All clinical measurements were identically conducted before (baseline) and 1 month after surgery/baseline, and the same surgeon (GJ) performed all surgical procedures. Two sample t-tests were used to examine the difference between SG and Ctr groups at baseline. A two-way ANOVA was implemented in SPSS 22 to model the effects of group (SG, Ctr) and time (Baseline, 1 month later) on behavioral/ clinical data. Paired t-tests were utilized as post-hoc tests where ANOVA indicated a significant main/interaction effects.
| Peripheral hormone measurements
Blood samples were taken before and 1 month after surgery for SG group and stored at −80 C until assayed. Serum concentrations of ghrelin, leptin, insulin, C-peptide, GIP (glucose-dependent insulinotropic polypeptide), GLP-1 (glucagon-like peptide-1), and glucagon were measured using a Bio-Plex 200™ suspension array system (BIO-RAD, Inc, Hercules, California).
| MRI acquisition
The experiment was carried out using a 3.0 T GE (Signa Excite HD, Milwaukee, WI) scanner. First, a high-resolution structural image for each subject was acquired using three-dimensional magnetization- 
| Image processing
Imaging data were preprocessed using Statistical Parametric Mapping 12 (SPM12, http://www.fil.ion.uclac.uk/spm). Specifically, the first 10 time points were removed to minimize nonequilibrium effects in fMRI signal, and then slice-timing, head movement correction, and spatial normalization (voxel size of 3 × 3 × 3 mm 3 )
were performed . There was no significant interaction/main effect of Group/Time on estimates of the subjects' motion (p > .05) for mean/maximum frame-wise displacement calculated from six translation/rotation parameters obtained from the realignment process. Demeaning/detrending were performed and head-motion parameters, white-matter signals, cerebrospinalfluid signals, and global signals were regressed out as nuisance covariates (Power et al., 2014) . fMRI time points that were severely affected by motion were removed using a "scrubbing method"
(FD value >0.5 mm, and ΔBOLD of DVARS >0.5%) (Power et al., 2014 ) (Supporting Information, SI), and <5% of time points were scrubbed per subject. Finally, band-pass temporal filtering (0.01-0.08 Hz) was used to remove effects of very low-frequency drift/high-frequency noise using REST toolkit (http://resting-fmri.
sourceforge.net). between voxel (i) and its immediate neighbors (with a surface connectivity criterion). For an edge to be considered significant, a correlation threshold of (r = .6) was selected (Tomasi & Volkow, 2010 , 2011a ) was applied to calculate binary connectivity coefficients, a ij = 1 (r > .6)/a ij = 0 (r < .6). For voxel, the lFCD at voxel (i) was calculated as the size of the local cluster, that is, that include voxel (i), which were functionally connected (voxels with a ij = 1) by surface. In the next step, voxels connected (with a surface connectivity criterion and r = .6) to voxels identified in the last step were calculated. This step was repeated until no new voxels were found. The total number of voxels identified in this process is lFCD. gFCD was calculated as the total number of edges for voxel (i) across the whole brain (Tomasi & Volkow, 2011a) see http://fcp-indi.github.io/docs/user/centrality.
| FCD mapping
html for FCD implementation). lFCD/gFCD maps were smoothed with a Gaussian kernel of 6-mm full-width at half-maximum.
| Regions of interest (ROIs) identification
SPM 12 was employed to perform the voxel-wise analysis on FCD indices, as age/gender were entered as covariates to control for differences between groups in these variables. A two-way ANOVA was implemented to model the effects of group (SG, Ctr) and time (Baseline, 1 month later) on lFCD/gFCD, respectively. ROIs were identified after family-wise error (FWE) correction for multiple comparisons at cluster-level correction approach (p FWE < .05) with a minimum cluster size of 100 and a cluster-forming threshold of p < .001 (Eklund, Nichols, & Knutsson, 2016) .
| RSFC analysis
After obtaining FCD ROIs with significant interaction effects, a seedregion-based (centered at the coordinates of peak value with a 6 mm radius) RSFC analysis was carried out. Mean time series of each ROI from the resting-state scan was extracted, and then strength of RSFC for each voxel was estimated using Pearson correlation coefficient between average time-varying signal in the seed and voxel in the brain. Fisher transform was used to convert correlation maps into normally distributed coefficient maps. A two-way ANOVA was implemented in SPM 12 to model effects of group (SG, Ctr) × time (Baseline, 1 month later) seed-based RSFC with an identical threshold as for the ROIs identification (p FWE < .05, cluster size of 100, cluster-forming threshold of p < .001).
| Association between behaviors and FCD/RSFC
A partial correlation analysis with age and gender as covariates was performed to assess the association between FCD/RSFC ROIs with significant group × interaction effects and clinical measurements with significant interaction effects (BMI, YFAS). We also performed correlation analysis between changes in FCD in 6 ROIs with significant effects and changes in clinical measurements (BMI, YFAS).
Bonferroni-correction was applied for multiple-comparisons, all tests were 2-tailed and level of significance was p < .004 (0.05/12). Abbreviation: BMI, body mass index; WC, waist circumference; YFAS, Yale Food Addiction Scale; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; PreSG, obese patients who received MRI scan before surgery; PostSG, obese patients who received MRI scan at 1 month after surgery; CtrT, control subjects who received MRI scan at baseline; CtrRT, control subjects who received MRI scan 1 month after the first scan; SE, standard error.
3 | RESULTS 
| Demographic characteristics
| Peripheral hormone measurements
Insulin, leptin, and ghrelin levels were lower post-surgery than presurgery (p < .001, Supporting Information Figure S1 ). There were no significant changes in C-peptide, GIP, GLP-1, and glucagon.
| FCD
There were no differences at baseline in FCD between SG and Ctr groups. There were significant interaction effects (Group × Time) on lFCD in ventromedial prefrontal cortex (VMPFC), posterior cingulate cortex (PCC)/precuneus, dorsal anterior cingulate cortex (dACC), and dorsomedial prefrontal cortex (DMPFC) (p FWE < .05, Figure 1a , Table 2 ANOVA analysis also revealed a significant main effect of time for lFCD in VMPFC and PCC/precuneus (p FWE < .05, Supporting Information Figure S2A ).
Similarly, there were significant interaction effects on gFCD in VMPFC, right DLPFC, and right insula (p FWE < .05, Figure 2a , Table 2 ).
Post-hoc tests showed a significant reduction of gFCD in those regions after surgery in SG group but no changes in Ctr group 1 month after baseline ( Figure 2b , Table 2 ). Change in YFAS was positively correlated with change in gFCD in VMPFC (r[20] = .586, p = .004, Figure 2c ). In addition, there was also a main effect of time for gFCD in VMPFC and right insula (p FWE < .05, Supporting Information Figure 2B ). 
| Altered RSFC
| DISCUSSION
Here we showed that sleeve gastrectomy significantly decreased FCD in midline cortical regions associated with self-referential processing, including VMPFC, DMPFC, dACC, and precuneus and decreased gFCD in VMPFC, right insula (region involved with interoception), right DLPFC (region involved with executive control), and memory (HIPP). Additionally we showed that after surgery connectivity of the seed in VMPFC had stronger connectivity to left DLPFC and weaker connectivity to HIPP/PHIPP and the seed in PCC/precuneus had stronger connectivity with right caudate and left DLPFC. Although self-referential processing has not been a focus in obesity, regions that are part of this midline cortical network (Northoff et al., 2006) have been consistently implicated in various aspects of food reward including the desire for food (Hollmann et al., 2012) and loss of control in food intake (Volkow et al., 2008) . Enhanced connectivity of VMPFC/precuneus (key midline cortical regions involved in selfreferential processing) with DLPFC/caudate (circuits engaged in executive function/self-regulation after sleeve gastrectomy, as well as their correlation with BMI changes) might reflect the association between the gastrectomy-induced weight loss and the brain regions involved in the control of food craving. Attenuated connectivity between VMPFC and HIPP/PHIPP, which has been associated with memory processes related to food intake including awareness of hunger (Coppin, 2016) might also contribute to improved regulation of eating behaviors.
| Alterations in self-referential regions
Our results showed decreased FCD (both lFCD/gFCD) in VMPFC and decreased.
lFCD in dACC, DMPFC, and precuneus post-surgery. These regions are associated with self-referential processing involved with diverse functions linked with food reward, eating behaviors, and obesity. Specifically, VMPFC plays a critical role in emotional/behavioral functions that may affect appetitive behavior, and it is a core brain region for value-based decision-making (Killgore et al., 2013; Weilbächer & Gluth, 2017) . VMPFC also monitors visceral signals and guides rewardrelated behaviors (Vogt, 2005) . DMPFC plays an important role in central regulation of eating behavior (Tataranni et al., 1999) . Decreased FCD after sleeve gastrectomy in these brain regions reflects gastrectomy-induced brain connectivity changes in regions involving self-referential processing.
VMPFC is bidirectionally connected to entorhinal/perirhinal cortices connected to HIPP (Hernandez et al., 2017) . VMPFC-HIPP communication should underlie value-based decision-making, even when choice options are directly visible and do not require memory retrieval (Weilbächer & Gluth, 2017) . Coupling from HIPP to VMPFC is not only important for processing memory-based decisions but also for mediating memory bias (Weilbächer & Gluth, 2017) . VMPFC-HIPP interactions enable complex inferential memory associations (Zeithamova, Dominick, & Preston, 2012) and mediate value-based decision from memory (Gluth, Sommer, Rieskamp, & Buchel, 2015) . choices (Hare, Camerer, & Rangel, 2009; Hare, Malmaud, & Rangel, 2011; Lopez, Hofmann, Wagner, Kelley, & Heatherton, 2014) . This finding is consistent with prior studies that reported increased functional connectivity between DLPFC and VMPFC in obese subjects who achieved weight-loss (Weygandt et al., 2013) , and increased DLPFC-VMPFC functional connectivity orchestrating top-down control of appetite for high-calorie foods in overweight/obese subjects after neurofeedback training (Spetter et al., 2017) . SG group also showed reduced RSFC between VMPFC and HIPP/PHIPP post-surgery. VMPFC receives visceral sensory information (memory for desired food). Alterations of RSFC between VMPFC and HIPP/PHIPP post-surgery might allow inputs from regions involved with sensoryemotional-memory processing to modulate motivation drive from VMPFC for better control over stronger urges to eat.
PCC is also part of midline cortical regions implicated in selfreferential processing (Northoff et al., 2006) . It is a prominent integrative hub in the brain (Tomasi & Volkow, 2011b ) and a key region of DMN (Raichle et al., 2001) . DMN is a network most active while processing internal mental status, such as self-referential thinking/autobiographical memory, and during external unfocused attention (Andrews-Hanna, Smallwood, & Spreng, 2014) . Previous studies found that PCC activity was increased in obese/overweight individuals (Kullmann et al., 2012) and that activity in this region was reduced following chronic exercise (Legget et al., 2016) . PCC activation has also been observed during presentation of visual food cues and during food tasting (DelParigi, Chen, Salbe, Reiman, & Tataranni, 2005) . Precuneus plays a critical role in self-referential processes and appetite control such as evaluating benefits of not eating compared with eating HC food (Yokum & Stice, 2013) . Precuneus is involved in obesityinducing/preventing behavior through self-body consciousness as well as body weight control, whose failure can be manifested as obesity/ eating disorder (Nakamura & Ikuta, 2017) . Reductions in outgoing connectivity from the PCC to other components of the DMN, such as the precuneus, and networks involved in various aspects of sensory processing could relate to the role of the PCC in monitoring the external environment and accordingly allocating neuronal resources to salient stimuli (Andrews-Hanna et al., 2014) .
Decreased lFCD in PCC/precuneus after gastrectomy might reflect reduced attention to internal states such as hunger/desire for food. After surgery, subjects had increased RSFC between PCC/precuneus and right caudate which is a striatal region necessary for executive function (Macfarlane et al., 2013) . One latest study showed a linear association between higher caudate-precuneus connectivity and lower obesity tendency (Nakamura & Ikuta, 2017) , and our finding of increased RSFC between the PCC/precuneus and right caudate in the SG group after surgery may reflect lessened cognitive prevention of obesity (Nakamura & Ikuta, 2017) . Enhanced RSFC between PCC/precuneus and left DLPFC, which is a frontal cortical region necessary for executive function (Koechlin, 2016) as well as its inverse association with change in BMI indicate that alterations of outgoing information flow could be related to improvements in cognitive function associated with weight-loss induced by sleeve gastrectomy.
Surgery also decreased lFCD in dACC/DMPFC. ACC is implicated in executive control of internal/external stimuli-related, contextdependent behaviors involving emotional information, and modulation of emotional response (Bush, Luu, & Posner, 2000) . ACC may contribute to imbalance between cognitive/emotional processing and increased risk to overeat (Kullmann et al., 2012) . DMPFC is a potential downstream area receiving information from VMPFC selecting available choice options (Gluth, Rieskamp, & Buchel, 2012) . Previous studies in obese individuals indicated a dysfunction of ACC in mediating hunger/satiety and emotional response (Bush et al., 2000; Kullmann et al., 2012) , and attenuated lFCD in dACC/DMPFC suggests decreased need for executive control after surgery.
| Alterations in interoceptive regions
The insular cortex is involved in the interceptive sense of the body and in emotional awareness (Craig, 2011) . The anterior insula is represented in the processing of visually presented, tasted or smelled food stimuli, and also in food craving (Frank, Kullmann, & Veit, 2013) . Reduced awareness of bodily state and appetite signaling may cause obese individuals to consume more food to respond to interoceptive cues (Frank et al., 2013) .
However, our results showed sleeve gastrectomy decreased gFCD in right insula. This was consistent with decreased activation in motivational/reward-related regions with food picture stimulation after gastric banding (Bruce et al., 2012) . There was also reduced neural response to food in insula associated with chronic exercise (Cornier, Melanson, Salzberg, Bechtell, & Tregellas, 2012).
| Limitation
Due to strict exclusion criteria and difficulty in retaining patients after surgery for follow-up scanning, we did not have a larger cohort size for SG group prior to and after surgery including Ctr group. We did not include healthy lean subjects as a control group. We assessed obese participants at two particular junctures (before and 1 month after surgery). These factors limit the generalization of our observations.
| CONCLUSIONS
The current study investigated the effect of sleeve gastrectomy on resting brain activity of obese individuals. Our results showed significant reduction in cortical regions implicated in self-referential processing and interoceptive awareness along with strengthening of connectivity of these regions with cortical (DLPFC) and striatal (caudate) regions implicated in executive control/self-regulation. Thus, these changes might underlie improvement in control of eating behavior following sleeve gastrectomy. Identifying neural changes after sleeve gastrectomy may provide a neurophysiological support for the development of nonoperative treatment such as brain stimulation (Goebel, Tronnier, & Muente, 2017) , and minimum invasive approach to the gastric fundus, that is, bariatric embolization (Weiss & Kathait, 2017) for the large proportion of overweight individuals whose BMI do not reach the standard of bariatric surgery and even for the morbidly obese individuals.
